Accurate sex identification of archaeological turkey remains is important for deciphering hunting and husbandry practices in pre-contact North America, particularly in the Southwest United States and Mesoamerica where domestic turkeys were raised. Although the sexual dimorphism of turkeys means that relatively complete elements can be distinguished using osteometric approaches, sexing fragmentary or juvenile remains is challenging. Here, we propose a simple and highly-sensitive coamplification approach which targets highly-repetitive DNA (hrDNA) sequences on the turkey Wchromosome. This technique simultaneously co-amplifies both hrDNA and mitochondrial DNA (mtDNA) fragments: the amplification of the W chromosome identifies the heterogametic sex (females), while the mtDNA fragment acts as an internal positive control to monitor for false negative results. To demonstrate the sensitivity and accuracy of this technique, we applied it to 20 modern turkeys and 117 archaeological turkey bones from 25 sites (ca. AD700-1700), including 32 samples from Sand Canyon Pueblo (AD1250-1300). We amplified ancient DNA from 86% of the ancient remains, demonstrating the sensitivity of the technique for targeting nuclear DNA. The correspondence between morphological size and the genetic sex identification for 100% of the complete skeletal elements demonstrates the accuracy and robusticity of this approach. Although within the larger regional assemblage, more males than females were identified (61% vs 39%), the site-specific analysis at Sand Canyon Pueblo suggests that adult male and female turkeys were present in a relatively even ratio. !
INTRODUCTION
In archaeological contexts, the ability to identify the sex of animal remains accurately is important for understanding past hunting practices (DÕerrico and Vanhaeren, 2002; Stiner, 1990; Weinstock, 2000) , incipient animal domestication and herd management (Zeder and Hesse, 2000; Zeder, 2015) , or ritual activities (Cultraro, 2004; Groot, 2008; Wilson, 1999) . In the Southwest United States, several zooarchaeological studies have investigated the sex ratio exhibited in faunal assemblages to gain an understanding of how turkeys (Meleagris gallopavo) were managed and exploited in pre-contact periods (Badenhorst, 2008; Badenhorst et al., 2012; McKusick, 1981; Munro, 1994) . In addition to using discrete traits such as medullary bone (laying females) or tarsometatarsi spurs (males), osteometric sex identification techniques can be extremely accurate with sexually dimorphic animals like turkeys, with males being larger than the females (Badenhorst et al., 2012; Gilbert, 1985; Manin et al., this volume; McKusick, 1980; Pelham and Dickson, 1992) . Although the greatest lengths of complete elements are typically analyzed (Munro, 1994; Senior and Pierce, 1989) , epiphyseal dimensions of even fragmented long bones can produce distinctive sex groupings (Badenhorst et al., 2012; Speller, 2009) . Depending on the element being studied, however, there can be considerable overlap in the measurement ranges for males and females. Additionally, osteometric approaches are most appropriate when conducted on large, regional assemblages that can ascertain the range of variation present in the population (Badenhorst et al., 2012; Breitburg, 1988; Davis, 1987; Fothergill 2013) , and may be less reliable when only a few remains are present. In these cases, DNA-based sex identification techniques can be more accurate, especially when dealing with highly fragmented or juvenile archaeological bones (Svensson et al., 2008) . !
Challenges with existing DNA-based sex identification techniques!
Previous ancient molecular approaches for sex identification have targeted amelogenin genes (Haak et al., 2008; Lassen et al., 2000; Shaw et al., 2015; Svensson et al., 2012) , zinc finger protein genes (ZFX/Y) (Svensson et al., 2008) sex-linked Y-or W-chromosome sequences (Allentoft et al., 2010; Bunce et al., 2003; Cappellini et al., 2004) or a combination of markers (Arslan et al., 2011; Pag•s et al., 2009; Schmidt et al., 2003) . In many cases, molecular sex identification techniques suffer from a high failure rate, due to the low quantity of single-copy sex markers in archaeological samples (Alonso et al., 2004; PŠŠbo et al., 2004) . Although whole genome approaches are proving successful to identify the sex of ancient humans (Skoglund et al., 2013) , the economic cost and bioinformatic challenges for population level characterization of faunal populations remain considerable. ! Targeting highly repetitive elements within the nuclear genome is one cost-effective method to increase the success rate of DNA amplification. Most eukaryotic genomes contain significant amounts of highly repetitive DNA (hrDNA) sequences (Charlesworth et al., 1994) , especially on the nonrecombining regions of sex chromosomes. In birds, some of these repetitive regions are located on the female-specific W-chromosome genes (Saitoh et al., 1989; Tone et al., 1982) . With repetitive copy numbers of approximately 10,000 (Saitoh et al., 1989) , W-chromosome hrDNA sequences provide the potential for increasing the sensitivity of sex identification techniques for archaeological bird bones. ! Here, we propose a new, highly-sensitive sex identification technique for ancient turkey remains based on the co-amplification of sex-chromosome hrDNA and mitochondrial DNA (mtDNA) loci. The amplification of hrDNA maximizes the potential for nuclear DNA amplification, while the mtDNA acts as an internal positive control to ensure correct PCR set-up, to monitor for contamination, and to estimate DNA preservation. The hrDNA can identify the heteogametic sex (in this case female turkeys), and sex can be rapidly assessed based on a visual analysis of elecrophoresis gel. To test the accuracy and sensitivity of this technique, we applied it to 20 modern turkey samples and 117 archaeological turkey bones which had demonstrated adequate mtDNA preservation (Speller, 2009; Speller et al., 2010) . The archaeological samples were selected from various sites and time periods to test the overall efficacy of the method at a regional level, as well as site-specific component examining one particular archaeological site (Sand Canyon Pueblo) where turkeys were heavily exploited.!
1.2'Sand'Canyon'Pueblo!
The site of Sand Canyon Pueblo is located in the center of the Northern San Juan Region, within the Colorado Plateau. Occupied from the 1240s until the last years of the 13 th century, this Pueblo III site was a large aggregated community (ca. 420 rooms, 90 kivas, 14 towers, an enclosed kiva, and a Dshaped bi-wall structure), which would have been occupied by around 400-600 individuals (Kuckelman, 2007) . !
The faunal assemblages from Sand Canyon Pueblo and other nearby sites have been extensively analyzed (Driver et al., 1999; Muir and Driver, 2002; Munro, 1994) . MuirÕs (2007 MuirÕs ( , 1999 ) study of the Sand Canyon faunal assemblage indicated that approximately two-thirds of the assemblage was composed of mammals (mostly lagomorphs, small rodents and artiodactyls), one third composed of birds (mainly turkey, or Òlarge birdsÓ), as well as a few less common taxa of amphibian, reptile, and gastropods (Muir 1999:46) . Galliformes dominated the midden and outdoor deposits throughout the site and the distribution and quantity of Galliformes (and lagomorphs) within domestic refuse deposits suggests their value as a commonplace food item. Osteometric analysis of more complete elements suggested that adult male and female turkeys were raised in relatively equal proportions at the site (Badenhorst et al., 2012) . Our current study explores to what extent this pattern is evident in highly fragmented remains (mostly humeral shafts) using the molecular mtW approach. The turkey samples from the site provide an excellent opportunity to increase the representativeness of the assemblage (by including fragmentary remains) to obtain accurate sex ratio for a more complete understanding of human-turkey interactions. !
MATERIAL AND METHODS!

Archaeological turkey bones!
One hundred and seventeen archaeological turkey bones were obtained from 25 sites archaeological sites in the Southwest United States dating from 700-1700AD (Speller et al. 2010) (Table S1 ). Humeri were preferentially selected since significant size differences exist between male and female turkey humeri, with little to no overlap, between the sexes, in the measurements of humeral greatest length (GL), proximal breadth (Bp) and distal breadth (Bd) (Gilbert, 1985; McKusick, 1986) . Focusing on a single element would also reduce the likelihood of sampling the same individual. Samples were photographed, measured and compared to osteological criteria to ensure they were consistent with M.
gallopavo (Gilbert et al., 1996; Von den Driesch, 1976) (Table S1 ). !
The 32 turkey remains from Sand Canyon Pueblo were recovered from 13 different contexts within four structures which included two D-shaped tower blocks (Blocks 200 and 1000), one typical residential unit block (block 1200), and one Òpublic architectural blockÓ, the D-shaped block (1500) (Table S2 ). !
DNA extraction and amplification!
DNA was extracted from the archaeological turkey bone samples in the dedicated ancient DNA laboratory in the Department of Archaeology at Simon Fraser University, using a modified silica spin protocol (Speller et al., 2010; Yang et al., 1998) . Comprehensive contamination controls were followed throughout the analyses, including (i) the use of a dedicated ancient DNA facilities; (ii) a vigorous decontamination protocol of the bone samples prior to DNA extraction; (iii) the inclusion of multiple blank extracts and PCR negative controls (Speller et al., 2010) . ! Primers were designed to target a hrDNA fragment of the turkey W-chromosome. Saitoh et al.Õs (1989) study of highly repetitive regions of the turkey W-chromosome indicated that a 400bp PstI unit repeated approximately 10,000 times within the diploid genome of the female turkey, and was absent within the male turkey genome. Primers TK-F176-W and TK-R320-W were designed to target a 144bp fragment this female-specific bent-repetitive DNA sequence (Table 1) . These PstI primers were included in a co-amplification reaction with previously published primers TK-F315/TK-R567 (Speller et al., 2010) designed to amplify a 222bp fragment of the turkey mtDNA D-loop. The co-amplification of the W-chromosome and mtDNA (mtW co-amp) was designed to preferentially amplify the Wchromosome: 1) the W-chromosome fragment was designed to be shorter than the D-loop fragment;
and 2) the primers were added to the co-amplification reaction in a ratio of 10:1. This primer ratio allowed for the W-chromosome to be preferentially amplified when present, but still contained and in all but one case, the morphological and genetic sex identifications yielded consistent results.
Sample MTU18 was morphologically identified as female, although both the mtW co-amp and HINTW tests indicated a male individual. This discrepancy is likely due to a morphological misidentification as secondary sexual characteristics, such as snood development can vary between individuals, especially when relatively immature individuals are being examined (as is the case with the vast majority of modern turkeys slaughtered for meat). These mtW co-amp sex identifications were confirmed using the HINTW primer set in all cases ( Tables S1& S2. Seventy-five of the 85 archaeological bones from the regional assemblage were successfully identified, 29 of which were female (39%) and 46 male (61%). At the site of Sand Canyon Pueblo, 12
samples were identified as female, 14 as male, and 6 were unidentified. Using the same primer ratio of 1:10 of D-loop to PstI, a relatively even co-amplification was achieved for most female samples In 100% of cases where the mtW co-amp was applied to complete archaeological humeri (n=31), the mtW co-amp sex identity matched the predicted sex based on element size. This result indicates that the co-amplification primer ratio was effective in amplifying both the W-chromosome and mtDNA fragment when they were present in sufficient quantities, but suitably balanced to avoid the preferential amplification of mtDNA alone. !
The key to the success of the mtW co-amp lies in the design of optimal primers and PCR conditions.
Ideally, the hrDNA sex-chromosome fragment should be shorter than the mtDNA fragment in order to preferentially amplify the nuclear DNA and avoid false-positive results due to allele drop-out. This is particularly critical in ancient samples, where the target fragments may be differentially preserved.
Balanced co-amplification of the two fragments can be achieved by adjusting primer ratios, while uneven amplification may be indicative of differential nuclear or mtDNA preservation. For example, although both DNA markers were successfully amplified in modern and ancient females, a comparison of Figure 2 and 3 shows that the same primer ratios (1:10) usually result in relatively weaker Pstl amplification in modern females, but slightly stronger Pstl amplifications in some ancient turkey female samples (demonstrated in TU1091 of Figure 3 ). !
The majority of DNA sex identification techniques interpret the absence of PCR amplification for a particular sex chromosome to reflect the biological absence of that chromosome. However, failed PCR amplification in ancient samples can also be the result of PCR inhibition, insufficient DNA templates and amplification competition with other primers/markers. Our proposed mtW co-amp method is capable of detecting these factors: as an internal control, the mtDNA marker can serve as an indication PCR inhibition. Primer ratios can also be modified to consistently preferentially amplify the W-fragment; once optimized, the absence of the W-fragment (but the presence of mtDNA) can reliably point to the male identity of the sample.!
In female birds, the successful amplification of the mtDNA fragment, and failure of the Wchromosome fragment would lead to a false-positive male identification. Though a greater proportion of male turkeys was identified in the ancient remains, the correspondence between the morphological and genetic sex identities among complete humeri suggests that this biased sex ratio represents an accurate reflection of the proportion of male and female turkeys in the larger regional assemblage. ! In addition to acting as an internal positive control, the amplification of the mtDNA fragment offers other advantages. First, the co-amplification technique may also detect possible contamination if sequencing of the hrDNA and mtDNA fragments indicates two different species. Depending on the region that is targeted, the mtDNA can also be used to confirm species, and identify subspecies or geographic variants (Pag•s et al., 2009), as well as providing a reproducibility test for mtDNA fragments amplified in a simplex reaction. Moreover, the co-amplification of sex-chromosome and mtDNA acts to conserve ancient DNA template, and reduce the overall costs and time associated with the analysis of ancient remains.
Archaeological turkey sex ratios!
Within the regional study, the DNA analysis indicated a higher frequency of adult males than females.
Significant differences in the exploitation of one sex over the other through time may point to flock management practices designed for particular products, e.g. feathers or meat. However, samples in this study were selected from many sites over a 1000 year time period, and thus are not likely to be representative of flock management practices at the site level. The larger number of males, however, may reflect differential preservation of male and female bones or sampling bias.! Bone mineral density plays a role in the survivorship of turkey skeletal elements and portions, with denser and larger bones possessing a higher potential for survival (Dirrigl, 2001; Grayson, 1979) .
Since turkeys are sexually dimorphic, male turkey bones are generally larger and more robust than female bones, therefore possessing a greater potential for survival in the archaeological record.
Furthermore, the completeness of an element, and the retention of key diagnostic features, will affect its identifiability to the species level (Dirrigl, 2001) . Therefore, if less fragmented elements are preferentially selected for analysis, then taphonomic and sampling bias may contribute to higher percentage of identified males. Molecular sex identification techniques, which can be applied to even highly fragmented collections, may be useful for uncovering such biases in osteometric analyses of more complete elements. !
Sand Canyon Pueblo!
At the site of Sand Canyon Pueblo, female and male turkeys are present in nearly equal numbers (46% vs 54% of identified samples, respectively). This sex ratio is very similar to MunroÕs (1994, p. 77) osteological analysis of tibiotarsi in the Sand Canyon locality, where she found that females and males represented 44% and 56% of the adult populations, respectively. BadenhorstÕs (2008:77) analysis of tarsometatarsi at the nearby Albert Porter Pueblo also found equal numbers of toms and hens, suggesting little or no differences in the treatments of sexes in terms of meat and/or secondary products.! It could be argued that demographic profiles of birds raised exclusively for meat will display a higher number of young adult males and older adult females, while flocks maintained for feathers, should display even numbers of male and female adult birds. If meat is the principal role of the animal, males should be culled as soon as they reach maturity, since it is most energy efficient to butcher an animal when it reaches adult size, rather than maintaining it after adulthood when its overall growth slows dramatically (Greenfield et al., 1988) . Females, on the other hand, may be maintained as breeding stock, or potentially for their eggs, which could be used for food, glue or paint ingredients (McKusick, 1986) . Maintaining a stock for their feathers should demonstrate a more even sex ratio of young and old adults, since the birds of both sexes produce feathers; archaeologists have posited that access to feathers may have been one of the initial motivations for turkey domestication in the American Southwest (McKusick, 1980 (McKusick, , 1986 Munro, 2011) . Adult gobblers (both in the wild and domesticated forms) tend to produce more iridescent, lustrous, and richly coloured plumage than hens (Babcock, 1902; Ligon, 1946) . Thus, an even sex ratio may suggest that adult males were maintained for their rich plumage, and adult females both for their feathers and as breeding stock. A mixed strategy is also possible, for examples birds sacrificed for their feathers may also have been eaten, while birds killed for food may also have been plucked for feathers. A combination of approaches, including the analysis of depositional contexts, butchery marks, age profiles, and sex ratios validated with molecular techniques, are essential for reconstructing the husbandry and exploitation patterns of domestic turkeys in archaeological sites. !
CONCLUSION!
Here, we present an accurate and sensitive molecular sex identification technique for ancient turkey remains. By targeting hrDNA, we demonstrate a high success rate for the nuclear DNA amplification.
Although whole genome sequencing coupled with next generation sequencing is fast becoming the norm in ancient DNA studies (Allentoft et al., 2015; Hofreiter et al., 2015; Teasdale et al., 2015) , this co-amplification techniques provides a relatively rapid, and cost-effective approach, without the need for sequencing. While pronounced sexual dimorphism in turkeys means that the majority of long bones can be distinguished osteometrically, the mtW technique is useful for identifying juvenile bones, or other turkey remains such as coprolites and feathers. Accurate sex profiles will always be challenging when working with highly fragmentary remains, nevertheless, the mtW approach offers a cost-effective method for validating osteometric criteria for small (or even large) zooarchaeological assemblages.
This co-amplification technique can also be modified based on the sex chromosome mechanisms of various animals to identify the heterogametic sex; for example, targeting the W-chromosome hrDNA in birds and fish, and the Y-chromosome hrDNA in mammals. The feasibility of designing hrDNA primers is enhanced by the identification of sex-chromosome hrDNA in humans (Jin et al., 2012 ) and many non-human animal species (Kageyama et al. 2004; Gos ‡lvez et al. 2010; McGraw et al. 1988; Appa Rao and Totey 1999; Saitoh et al. 1989 
